. Monitoring the road emissions, especially heavy metals, is a concern for the country. Lichen transplantation is a suitable method for monitoring road pollution, but this method has not yet been used for this purpose in China.
Lichen transplantation is widely employed at polluted sites that lack native or expected lichens [1, 4] . With this technique, lichens are collected from "background sites" (sites that are lower in atmospheric deposition relative to the exposure sites) and transplanted to the study sites, and then their responses are recorded [7] [8] .
Lichen transplantation can provide adequate samples in the highly polluted sites devoid of native lichens due to the negative effects of air pollution on the diversity or abundance of lichens [9] [10] . This technique can ensure the uniformity of the lichen species because lichen element compositions are often element specific and depend on the lichen species [11] [12] . This technique can also provide chances to select the exposure time and monitoring sites. Relevant studies have revealed the accumulation of atmospheric pollutants originating from vehicle emissions, and the suspension of road dust in lichen thalli and have documented the negative effects of atmospheric pollutants on lichen diversity and physiology [1, 8, [13] [14] .
Xanthoparmelia camtschadalis (XPc) is a promising candidate for transplantation because this lichen can be easily collected intact, and the contamination of the thallus by soil is lower than in other lichen species [15] . XPc is a foliose lichen that is widely distribute in the grassland of northern China. This organism partly attaches to the soil surface when it is young and can be readily dispersed by wind when mature. In the Inner Mongolian grasslands, relevant studies have reported that XPc was less contaminated by soil than other epigeal lichens and can accumulate atmospheric element depositions originating from anthropogenic emissions, especially Pb, Zn and Cd [15] .
XPc was collected from the Xilin River Basin in Inner Mongolia and was placed at different distances from the roads in a highly polluted area with complicated sources of air pollution. Twenty-five elements (Al, Ba, Cd, Ce, Cs, Cu, Fe, La, Mg, Mn, Na, Ni, Pb, Rb, S, Sb, Sc, Sm, Sr, Tb, Th, Ti, Tl, V, and Zn) were measured. We attempted to address the question: do the elements in XPc increase at a higher rate in sites near the roadside than in sites far from the roads?
Materials and Methods

Sample Collection
Lichen samples were collected from the Xilin River Basin (43°33′ -43°42′N, 116°37′ -116°51′E), Xilinhot, Inner Mongolia, China (Fig. 1a ). The climate is temperate and semi-arid. The annual mean temperature is 0.2ºC. The annual precipitation is approximately 350 mm. The dominant vegetation is typical of the steppes of the Inner Mongolia Plateau interspersed with sand dune complexes. The landforms include hills, lava tablelands and sandy lands, with an average elevation of 1,350 m. A previous study in the area revealed accumulation of metals in XPc due to sand-dust deposition [15] .
XPc was sampled in September 2012 from five sampling sites around the Inner Mongolia Grassland Ecosystem Research Station (IMGERS) of the Chinese Academy of Sciences. The sampling sites were selected at intervals of 4 km (Fig. 1b ). All the sites were >1 km from any major roads and settlements and >0.5 km from any farms in order to minimize the effects of potential local anthropogenic emissions. Five samples (n = 1 for each sampling site), each containing approximately 200 thalli, were placed in a paper bag and numbered for processing.
Five controls were selected, each consisting of 15-20 randomly selected thalli taken from each of the five samples. In the subsequent process, the five samples were mixed together, from which 20 transplants were selected. Each transplant consisted of 15-20 randomly selected thalli. The controls and transplants were carefully cleaned under a low-magnification stereo microscope. The transplants were placed in a nylon net bag and immediately transported to the exposure sites. The controls were kept in sealed paper bags at room temperature until analysis.
Sample Exposure
The exposure experiment started on October 1, 2012, and ended after 12 months. A 4.6 km-long transect was selected. The transect is located in a suburban area between the downtown regions of Baoding (7 km to the south of the transect) and Xushui (7 km to the north of the transect; Fig. 1c ). The area is flat with an altitude of approximately 20 m. Both cities have populations of over 1 million and are surrounded by dense villages. The G4 expressway is located at the east end of the transect, and the G107 highway (adjacent to a railway) is located at the west end ( Fig. 1c ). Each of the two roads had a mean traffic intensity of over 20,000 vehicles per day during the exposure period.
Five exposure sites (A, B, C, D, and E) were selected symmetrically to the centre of the transect, and their distances from the nearest road were 500 m, 1000 m, 2300 m, 1000 m and 500 m, respectively ( Fig. 1d ). On October 1, 2012, the lichen transplants (in the 8 × 10 cm nylon net bags) were attached to the branches of Populus trees at approximately 2-3 m above the soil. A total of 20 transplants were exposed, with 4 transplants positioned at each of the 5 exposure sites. One composite sample at each exposure site was retrieved at intervals of 3 months. To minimize heterogeneity among bags, the composite sample (15-20 thalli, 5.0-7.0 g) was a mixture of thalli randomly taken from 4 bags (3-5 thalli per bag). The retrieved samples were sealed in plastic bags and designated based on a combination of the exposure site and exposure time ( Fig. 1e ).
Meteorological and Pollution Conditions during Exposure
According to data from a weather station in the vicinity (7 km) of the exposure sites, the total precipitation during the exposure period was 614 mm, and 81% of the precipitation occurred as rainfall from June to September of 2013 ( Fig. 1f ). The region experienced severe air pollution during the exposure period, particularly in the form of aerosol smog, which occurs frequently in winter [6] . Fig. 1g ) shows that the highest concentrations of atmospheric SO 2 , PM 2.5 and PM 10 occurred from December 2012 to March 2013. The primary contributors to air pollution in the region are anthropogenic emissions. For example, one of the largest sources of atmospheric S and particulate matter is the emissions from residential fossil fuel combustion, especially coal combustion during the winter heating period (from November 15 to March 15). Local anthropogenic activities, including intensive industrial operations, agricultural practices and traffic, may also be important contributors. Because Hebei Province is one of the most polluted provinces in China [5] [6] , the long-distance transport of air pollutants might also be an important source. In addition, the emissions from the two roads should be considered because both roads are among the busiest roads in China.
Sample Preparation and Measurement
All samples were cleaned under a low-magnification stereomicroscope in order to remove extraneous materials and then dried at 70ºC for 72 h in a drying oven to a constant weight. The samples were ground and homogenized in a grinding mill equipped with tungsten carbide jars (Retsch MM400; Retsch GmbH, Haan, Germany) and sieved through a mesh with a pore size of 2 mm. A 200-300 mg sample was mineralized in a mixture of HNO 3 and H 2 O 2 . The concentrations of 25 elements (Al, Ba, Cd, Ce, Cs, Cu, Fe, La, Mg, Mn, Na, Ni, Pb, Rb, S, Sb, Sc, Sm, Sr, Tb, Th, Ti, Tl, V, and Zn) were measured using an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7700X; Agilent Technologies, Tokyo, Japan) at the Hebei Research Center for Geoanalysis.
Quality control of the ICP-MS results was ensured by conducting simultaneous analyses of a series of standard reference materials (SRMs): IAEA-336 (Portuguese lichen, issued by the International Atomic Energy Agency), GBW10014 (cabbage), GBW10015 (spinach) and GBW10052 (green tea; all materials noted above were issued by the Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences). The analytical precision and accuracy are generally <10% for most elements. These methods have been published elsewhere [16] [17] .
EC Ratio and PLI site
The exposed-to-control (EC) ratio is the ratio between the POST-c (element concentration of a postexposure sample) and the corresponding control element concentration value. This parameter is a measure of the accumulation rate, with an EC ratio of >1.75 indicating "severe accumulation" [18] [19] . The EC ratio is widely used as a method for determining the spatial patterns and temporal trends for element accumulation in lichen transplants [4, 8, 11, [20] [21] .
The PLI (pollutant loading index) is a comprehensive proxy for categorizing the degree of pollution based on several metals in certain sites or areas [22] . This parameter has been used in relevant biomonitoring studies employing lichens or mosses. Usually, a PLI of >4 indicates "high pollution" and >5 indicates "extreme pollution" [22] [23] . The PLI at a particular site is recorded as PLI site , which is calculated as follows:
CF n is the contamination factor of element n, and n is the number of elements considered. In this study, the EC ratio was used instead of the CF.
Statistical Analyses
The control concentration and POST-c results for each element in XPc were tested for normality using the Shapiro-Wilk test. Because the control concentration values were normally distributed (p>0.05), the mean and coefficient of variation (CV) are presented for each element. The differences between each POST-c and control concentration were tested using the one-sample t-test. A five-number summary (minimum, P25, median, P75 and maximum) is provided for the POST-c and EC ratio of each element because they were typically not normally distributed (p<0.05). The POST-c values and the means of the control samples were included in the cluster and heatmap analyses. A cluster analysis was conducted using the correlation coefficient and the average link (UPGMA) algorithm. A heatmap analysis was conducted on the log2-transformed concentrations. Statistical analyses were performed using PAST 3.20 software (Ø. Hammer, April 2018), and plots were drawn using Inkscape 0.92 software (Free Software Foundation Inc., USA). Table 1 shows the statistics for the control concentrations and POST-c results. The CVs for the control concentrations were <15% for 6 of the metals (Ba, Cd, Cu, Mg, Mn, and Ni) and 16-40% for the other elements. The order of the mean concentrations in the control samples was as follows: Al>Fe>S>Mg>Na>Ti> Mn>Sr>Zn>Ba>Rb>Pb>Ce>Cu>V>La>Ni>Th>Cs> Sm>Sc>Cd>Sb>Tl>Tb. This order was roughly similar to that of the POST-c values; however, 6 of the metals (Ba, Cu, Ni, Pb, Sb and Zn) were ranked higher than expected from their ranks in the control samples.
Results
Element Concentrations, EC Ratios and PLI site Values
The concentration correlations between the elements were well represented by a UPGMA cluster analysis on a correlation matrix of 21 samples (1 mean of the control concentrations + 20 POST-c values), as suggested by a cophenetic correlation index of 0.9799. Two groups were identified at a correlation similarity of 0.50 ( Fig. 2a) . Group I consisted of S. Group II consisted of metals.
Two subgroups could be identified at a correlation similarity of 0.75. Subgroup IIa consisted of 20 metals (Al, Ba, Ce, Cs, Cu, Fe, La, Mg, Mn, Na, Ni, Rb, Sc, Sm, Sr, Tb, Th, Ti, Tl, and V), and subgroup IIb consisted of 4 metals (Cd, Pb, Sb, and Zn) ( Fig. 2a) . Table 2 shows the EC and the PLI site results. Most elements had a median EC of 1.65-4.04, except Pb (EC = 10.84) and Sb (EC = 8.82). The median PLI site was 2.84 for all the metals detected, 2.44 for the subgroup IIa metals and 6.26 for the subgroup IIb metals.
Spatial-Temporal Patterns
The differences between the control concentration and POST-c for each element and their spatialtemporal patterns are shown in Fig. 2b) . At all sites, the concentrations of S were significantly higher than the control values (one-sample t-test; p<0.01) and showed a unimodal curve with a peak concentration at 6 months of exposure.
Most of the POST-c values of the metals were higher than the control concentrations (one-sample t-test, p<0.05; Fig. 2b) . At each exposure time, the subgroup IIa and IIb metals had similar spatial patterns characterized by higher concentrations at sites A and E relative to the other sites. However, the two subgroups did not have similar temporal trends. The concentrations of the subgroup IIa metals did not always increase immediately after exposure and showed generally increasing trends over the exposure time at all sites. For example, the concentrations of four metals (Cs, Rb, Sr, and Ti) at three exposure sites (A, B, and C) were not significantly higher than the control values after 3-month exposure (one-sample t-test, α = 0.05), but reached their peak after 12-month exposure at most sites (Fig. 2b) . In contrast, the concentrations of the subgroup IIb metals were significantly higher than the control values after the 3-month exposure (one-sample t-test, all significant at p<0.05) and showed a unimodal concentration curve with a peak at the 9-month exposure. These results were prominent in the PLI site patterns (Fig. 2b ).
Discussion
Comparison with Other Studies
Our results suggest severe air pollution at the exposure sites. A comparison with the relevant studies shows that the median values for the POST-cs of most elements in XPc were higher than the documented values from "clean sites" [9, 12, 20, [24] [25] [26] and "polluted sites" [15, [27] [28] . This conclusion is consistent with the results of instrumental air quality monitoring (Fig. 1g ) and the diverse and heavy emissions detailed in the section "Meteorological and pollution conditions during exposure". Most elements had median EC ratios of >1.75 (Table 2) , and the subgroup IIb metals had median PLI site values >5, corresponding to a "severe accumulation level" [18] and "very high pollution" [22] , respectively, providing additional evidence of severe air pollution.
Sulfur
The results of the clustering analysis ( Fig. 2a ) clearly show that S had a spatial-temporal pattern that was different from those of the metals. This difference in spatial-temporal pattern between S and metals is further illustrated by the heat maps (Fig. 2b) . In general, the concentration of S followed a unimodal curve with a peak after 6 months of exposure at all the exposure sites regardless of their distances from roads. This temporal trend is similar to that of atmospheric SO 2 concentration, which was highest in January-March of 2013 (76-214 μg m -3 ), followed by November-December of 2012 (30-80 μg m -3 ), April-June of 2013 (28-41 μg m -3 ) and June-September of 2013 (22-28 μg m -3 ; Fig. 1g ).
The similar temporal trends of lichen S and atmospheric SO 2 indicate that the major source of atmospheric S deposition during the heating period was SO 2 . In recent decades, coal combustion has been the dominant energy source for domestic cooking and heating, and the associated heaters are not usually fitted with particulate material and SO 2 control devices [5] . Severe air pollution events occur frequently in China during the winter heating period, particularly in the form of aerosol smog [6] . Previous studies reported that the SO 2 uptake rate of lichens is positively correlated with the ambient SO 2 level [29] , and air pollution in urban and industrial sites reportedly resulted in increased lichen S concentrations [7, 30] . These results also reflect the short SO 2 integration time of XPc. Integration time, also known as memory length or remembrance time, is an expression of the time over which the preceding environmental availability is reflected by the lichen elemental concentrations [31, 32] . Integration time is one of the most important issues in transplantation method because an exposure time shorter than the integration time would seriously hamper the assessment of current levels of atmospheric pollutants. The sharp increase of lichen S during the winter heating period and the subsequent rapid decrease (Fig. 2b ) clearly show that XPc had an integration time of <3 months for SO 2 . The rapid reduction in lichen S after the heating period may be attributable to a coupling of leaching effects of increased rainfall (126 mm, Fig. 1f ) and decreased atmospheric SO 2 concentration in June 2013 (Fig. 1g ).
Metals
Road traffic has been identified as an important source of atmospheric metals, which could be released from the abrasion and corrosion of automobile parts, vehicle exhausts, and road dust suspension [1, 3, 25, 33] . As a result, many studies have reported increasing metal accumulation in lichens with increasing proximity to roads [13, 24, 34] . The present study also found that the metal concentrations in XPc were highly affected by roads emissions and exposure time. At each exposure time, the PLI site values of subgroups IIa and IIb were higher at the sites near roads (sites A and E) than those at sites B and C, and generally increased with increasing exposure time (Fig. 2b) .
Vascular plants were also used as biomonitors of atmospheric element deposition [4] . Comparable results between lichens and vascular plants would be expected because authors observed a good positive correlation between the two taxa for many elements [35] [36] . The metal concentration trends in the present study were also observed in previous studies using vascular plants as biomonitors. For example, concentrations of 15 metals in leaves of lettuce (Lactuca sativa cv. Romaine) were higher in the urban areas with greater traffic intensity than in the rural ones [37] . Hassan et al. used date palm (Phoenix dactylifera) as a biomonitor, and found that concentrations of measured 12 elements were higher in the urban site than in the residential one and increased with the harvest time [38] .
The two subgroups (IIa and IIb) apparently had different temporal trends. At the two sites near roads (A and E, Fig. 2b) , the concentrations and PLI site values of the subgroup IIb metals reached their peak at 9 months of exposure, whereas those of the subgroup IIa metals Fig. 2 . UPGMA cluster analysis (a) and the spatial-temporal patterns of element concentrations and PLI site (b); the broken red and blue lines in the diagram show correlation similarities of 0.50 and 0.75, respectively, while "×" and "↓" indicate that the POST-c is not significantly different from and significantly lower than the control, respectively. peaked at 12 months of exposure (Fig. 2b) . These results suggest that the XPc exhibited preferential uptake and/or retention of certain metals. Another possible explanation for these results is the relative contributions of vehicle emissions and roadside dust resuspension. In most relevant studies, the subgroup IIb metals (Cd, Pb, Sb and Zn) were common traffic-related metals, and their accumulation in lichens near roads has been attributed to vehicle emissions [8, 24, 26, 34, 39] . In contrast, many subgroup IIa metals, such as Rb, Sc, Ti, Al, Sr, Tl, and lanthanides (La, Sm, Ce and Tb), have been regarded as terrigenous metals in many relevant studies [1] [2] . Certain other metals in subgroup IIa are also traffic-related elements, such as V, Fe, Ni and Cu [1] . These results suggest roadside dust resuspension that includes soil dust mixed with traffic-related particles.
The integration time for these metals in XPc was obviously longer than that for SO 2 . First, in the initial 3 months of exposure, the concentrations of certain metals (especially Cs, Rb, Sr, and Ti) were similar to or even lower than those of the control. This pattern was also observed in the 6-month exposures (Cs and Sc; Fig. 2b ). Second, the concentration trends for most of the metals over the whole exposure period (Fig. 2b) were inconsistent with those of the atmospheric particles (PM 2.5 and PM 10 ; Fig. 1g ). These results suggest that the lichens had integration times of >3 months for these metals, which are close to the documented lichen integration time of >2 months for metals [32] .
Conclusions
The median EC ratios of >1.75 for most elements and the median PLI site values of >5 for subgroup IIb metals in Xanthoparmelia camtschadalis clearly indicate that the exposure sites were highly affected by atmospheric deposition. The similar concentration trends between lichen S and atmospheric SO 2 suggest a predominant source of SO 2 during the winter heating period in the region. The faster increase in lichen metal concentrations at sites near roads clearly shows the high impact of road emissions on atmospheric deposition. These results also indicate that this lichen can be used to measure short-term changes in atmospheric SO 2 (<3 months) and longer-term trends in atmospheric metals (>3 months). Overall results validated the applicability of XPc in the transplantation method for assessing the degree of air pollution near roads.
